Introduction
============

Stroke is the most common severe neurological disorder and a major cause of mortality among adults, followed by cancer and myocardial infarction.^[@bib1]^ In addition, stroke survivors suffer severe aftereffects, including motor dysfunction, cognitive impairment and mood disorder. Poststroke depression (PSD), occurring in approximately one-third of stroke survivors, is a serious sequelae of stroke.^[@bib2]^ The onset of PSD causes delayed recovery from the cerebral infarction, adversely affects motor function recovery by rehabilitation,^[@bib3]^ and increases cognitive impairment^[@bib4]^ and the risk of suicide.^[@bib5]^ Furthermore, it is likely that stroke patients may have relevant mood disorders despite good functional outcome.^[@bib6]^ However, evidence for effective treatments for PSD has not been well developed.

Accumulating evidence has suggested that impaired neurogenesis is linked to affective disorders, including depression.^[@bib7],\ [@bib8]^ Furthermore, several lines of evidence indicate the ability of antidepressants to elicit neurogenesis, thus suggesting the importance of the latter in mediating the therapeutic effect of antidepressants.^[@bib7],\ [@bib9],\ [@bib10]^ Proliferation of neural progenitor cells (NPCs) is enhanced by cerebral ischemia.^[@bib11],\ [@bib12],\ [@bib13]^ It was demonstrated that newly generated cells migrate to the site of injury in the brain,^[@bib14],\ [@bib15]^ and that these migrated cells express markers of mature neurons.^[@bib14],\ [@bib16]^ The majority of newly generated endogenous neurons fail to survive, although some of them persist for up to 5 weeks after brain ischemia.^[@bib14],\ [@bib16]^ Therefore, it has been suggested that transplantation of cells would be one potential strategy for the treatment of stroke^[@bib17],\ [@bib18]^ and other progressive neurodegenerative diseases.

It was earlier reported that the transplantation of stem or progenitor cells induces improvement of motor and cognitive functions and neurological deficits. Indeed, we demonstrated previously that the injection of NPCs improves spatial learning and memory dysfunction, which were evaluated by performing a water maze task, after cerebral ischemia.^[@bib19],\ [@bib20]^ However, it remains to be clarified whether transplantation of NPCs can improve PSD.

Several studies have suggested that brain-derived neurotrophic factor (BDNF) is associated with the pathophysiology of depression.^[@bib21],\ [@bib22]^ In this regard, chronic stress reduces the expression of BDNF in the hippocampus,^[@bib23]^ whereas chronic administration of an antidepressant increases BDNF expression there.^[@bib24],\ [@bib25],\ [@bib26]^ Moreover, infusion of BDNF into the hippocampus exerts an antidepressant effect as assessed by the learned helplessness and forced-swimming test (FST) paradigms.^[@bib22]^ Despite accumulating data suggesting an association between decreased brain BDNF levels and depression, there are no data regarding the effect of transplantation of NPCs on cerebral ischemia-induced depression or on the level of BDNF in the brain.

The aims of this study were to determine whether intravenous injection of NPCs could improve ischemia-induced depression-like behaviors. We furthermore sought to determine the molecular changes, including those in BDNF levels and ERK/CREB signaling, underlying the pathophysiology of cerebral ischemia-induced depression-like behaviors. As NPCs were prepared from green-fluorescent protein (GFP) transgenic rats by using the neurosphere method, cells derived from these NPCs were also characterized *in situ* after the intravenous injection of them into ischemic rats.

Materials and methods
=====================

NPC cultures
------------

NPCs were prepared from gestational Day 14 fetal GFP transgenic rats as described previously.^[@bib19],\ [@bib27],\ [@bib28]^ The GFP transgenic rats (Wistar-TgN (CAG-GFP) 184ys) used in this study were provided by National Bio Resource Project for the Rat in Japan (Kyoto, Japan). The origin and characteristics of the transgenic rats were described previously.^[@bib29]^ Cells were seeded at a density of 50 000 cells per cm^2^ into non-treated flasks (Nalge Nunc International, New York, NY, USA) containing N-2 plus medium supplemented with 20 ng ml^−1^ epidermal growth factor and 20 ng ml^−1^ basic fibroblast growth factor (growth medium). NPCs were grown in culture as free-floating neurosphere, and 80% of the medium was exchanged for new growth medium on Day 4. For the experiments, neurospheres cultured for 6 days *in vitro* were used. The protocol was approved by the Committee of Animal Care and Welfare of Tokyo University of Pharmacy and Life Sciences.

For immunostaining of floating cultured neurospheres, they were incubated on poly\--lysine (Sigma-Aldrich, St Louis, MO, USA)-coated slides for 1 h at 25 °C. The attached neurospheres were fixed for 30 min with 4% paraformaldehyde. The primary antibodies used for neurospheres were mouse monoclonal anti-nestin (BD Bioscience, Franklin, NJ, USA) and rabbit polyclonal anti-musashi-1 (Chemicon, Temecula, CA, USA). Omission of primary antibodies served as negative controls. No immunostaining was detected in the group of negative controls.

For differentiation, neurospheres were cultured for 6 days *in vitro*, followed by replacement of the medium with Dulbecco\'s modified Eagle\'s medium/F12 medium without epidermal growth factor and basic fibroblast growth factor on Day 7. The neurospheres were then cultured for 7 additional days. For immunostaining of differentiated NPCs, the following primary antibodies were used: mouse monoclonal anti-MAP2 (Sigma-Aldrich), detecting neurons; rabbit polyclonal anti-glial fibrillary acidic protein (GFAP) (DAKO, Carpinteria, CA, USA), labeling astrocytes; and mouse monoclonal anti-mouse monoclonal anti-oligodendrocytes (clone RIP) (Chemicon), marking oligodendrocytes.

The secondary antibodies used were as follows: fluorescein isothiocyanate-conjugated donkey anti-mouse immunoglobulin G (IgG) (Jackson Immunoresearch, West Grove, PA, USA) or Cy3-conjugated donkey anti-rabbit IgG (Jackson Immunoresearch). Fluorescence was detected using Olympus fluorescence microscopy (BX-52; Olympus, Tokyo, Japan) or with a KEYENCE BZ-8000 (KEYENCE, Osaka, Japan). Omission of primary antibodies served as negative controls, which showed no immunostaining.

Model of microsphere-induced cerebral embolism in rat
-----------------------------------------------------

Male wistar rats weighing 220--250 g (Charles River Japan Inc., Atsugi, Japan) were used. The rats were maintained at 23±1 °C in a room with a constant humidity of 55±5% and a light cycle of 12-h light:12-h darkness. The rats had free access to food and water according to the National Institute of Health Guide for the Care and Use of Laboratory Animals and the Guidance for Experimental Animal Care issued by the Prime Minister\'s Office of Japan. The study was approved by the Committee of Animal Care and Welfare of Tokyo University of Pharmacy and Life Sciences.

Microsphere-induced cerebral embolism was performed by the method described previously.^[@bib19],\ [@bib30]^ After rats had been anesthetized by an intraperitoneal injection of 40 mg kg^−1^ sodium pentobarbital, the right external carotid and pterygo-palatine arteries were temporarily occluded with strings. Immediately, a needle connected to a polyethylene catheter (3 French Atom, Tokyo, Japan) was inserted into the right common carotid artery, and then 700 microspheres (47.5±0.5 μm in diameter; Perkin-Elmer Life Sciences, Waltham, MA, USA), suspended in 20% dextran solution, were injected into the right internal carotid artery through the cannula. After the injection, the needle was removed, and the puncture wound was repaired with surgical glue. The rats that underwent a sham operation received the same volume of vehicle without microspheres.

Neurological deficits
---------------------

Neurological deficits of microsphere-embolized rats were scored on the basis of paucity of movement, truncal curvature and forced circling during locomotion according to the criteria described previously.^[@bib31],\ [@bib32]^ The score of each neurological deficit was rated from 3 to 0 (3, very severe; 2, severe; 1, moderate; 0, little or none). The rats with a total score of 7--9 points on Day 1 after cerebral embolism were used in this study.

Administration of NPCs
----------------------

Neurospheres were dispersed in the enzyme solution and resuspended in N-2 plus medium to a final concentration of 1.0 × 10^6^ cells/100 μl. The cell suspension (100 μl) was administered via the right femoral vein on Day 7 after the cerebral embolism. Vehicle was injected in a similar manner as the NPCs.

Behavioral test
---------------

A series of behavioral tests, including motor, sensory, reflex and balance tests, was performed on Days 1, 7, 14, 21 and 28 after cerebral embolism according to the modified Neurological Severity Scores (mNSS)^[@bib33]^ by a researcher who was blinded to the experimental groups. The score of mNSS was rated from 0 to 18 (normal score, 0; maximal deficit score, 18). In this scoring system, 1 score point is awarded for the inability to perform the test or for the lack of a tested reflex; thus, the higher the score, the more severe is the injury.

Open-field test
---------------

The open-field test was performed on Day 28 after cerebral embolism according to a modified version of the test described previously.^[@bib34]^ The open-field apparatus consisted of a square arena with black walls (90 × 90 × 45 cm^3^). The floor of the apparatus was divided equally into 25 squares marked by white lines. The rats were placed individually into the center of the arena and allowed to explore for 15 min. The locomotor activity was measured by counting the number of crossings (squares crossed with all paws). Before each session, the floor was cleaned.

Sucrose preference test
-----------------------

A battery of the sucrose preference test (SPT) was performed before surgery and on Days 7, 14, 21 and 28 after cerebral embolism. Rats were given access for 12 h (1900 hours until 0700 hours) to two drinking spouts (water and 1% sucrose solution) positioned side by side (1900 hours until 0700 hours) after water deprivation for 6 h. Bottle positions were switched at 6 h after the start of the test. At the end of test, the consumption was noted. Sucrose preference was calculated according to the following ratio: sucrose preference=(sucrose consumption (ml)/(water consumption (ml)+sucrose consumption (ml)) × 100.

Forced-swimming test
--------------------

The FST was performed at Day 28 after surgery for the induction of cerebral embolism or on the sham animals. Rats were placed in a dark transparent acrylic cylinder (60 cm in height, 20 cm in diameter) filled to 30 cm with water (25±1 °C) and kept there for 15 min. Then, the animals were removed from the water, dried with towels and placed in their cage. The 5-min test session was conducted 24 h later, and the duration of immobility of the rats was recorded. Immobility was defined as the lack of motion of the whole body, except for small movements necessary to keep the rat\'s head above the water.

Histological assessments
------------------------

On Day 28 after surgery, cerebral embolism or sham rats were perfused via the heart with 4% paraformaldehyde in 0.1  phosphate buffer. Their brains were quickly removed and immersed in 30% sucrose in 0.1  phosphate buffer. The brains were then cut into 5-mm-thick coronal slabs, which were subsequently embedded in Neg50 (Richard-Allan Scientific, Kalamazoo, MI, USA) and cut into 10-μm sections by using a cryostat. For determination of the viable area, coronal sections were stained with hematoxylin and eosin. The viable area in the ipsilateral hemisphere was measured as a percentage of that of the contralateral hemisphere by using NIH Image ver. 1.63.

For immunostaining, sections were incubated overnight with the desired primary antibody at 4 °C, and then with the corresponding secondary antibody for 1 h. In the case of double immunofluorescence staining, after a wash, the same sections were incubated overnight with another primary antibody at 4 °C. Subsequently, they were incubated with the corresponding secondary antibody for 1 h. Omission of primary antibodies served as a negative control. No immunostaining was detected in this group.

The following primary antibodies were used: rat monoclonal anti-GFP (Nacalai Tesque, Kyoto, Japan), mouse monoclonal anti-NeuN (Chemicon), rabbit polyclonal anti-GFAP (DAKO), mouse monoclonal anti-RIP (Chemicon) and rabbit polyclonal anti-musashi-1 (Chemicon) antibodies. The secondary antibodies used were as follows: fluorescein isothiocyanate-conjugated donkey anti-rat IgG (Jackson Immunoresearch), Cy3-conjugated goat anti-mouse IgG (Amersham, Buckinghamshire, UK) and Cy3-conjugated donkey anti-rabbit IgG (Jackson Immunoresearch). Fluorescence was detected by using Olympus fluorescence microscopy (BX-52; Olympus) or with a KEYENCE BZ-8000 (KEYENCE).

Immunoblotting
--------------

On Day 28 after surgery, cerebral embolism or sham rats were killed by decapitation. The whole ipsilateral hemisphere was homogenized in ice-cold buffer containing 320 m sucrose, 20 m *β*-glycerophosphate, 20 m sodium diphosphate, 0.2 m sodium orthovanadate, 0.1 m phenylmethyl sulfonyl fluoride, 5 μg ml^−1^ antipain, 5 μg ml^−1^ aprotinin and 5 μg ml^−1^ leupeptin at 4 °C. To determine the level of BDNF proteins, the whole ipsilateral hemisphere was homogenized in ice-cold buffer containing 10% sucrose, 1 m EDTA, phosphatase inhibitor cocktail (Roche) and protease inhibitor cocktail (Roche, Mannheim, Germany) in 20 m Tris-HCl (pH 7.4), and then centrifuged at 12 000*g* for 12 min at 4 °C; and finally the supernatant was collected. Protein concentration was determined by the method of Lowry.^[@bib35]^ Western blotting was performed according to standard protocols. The following primary antibodies were used: rabbit polyclonal antibody against BDNF (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), phospho-CREB (Cell Signaling Technology Inc., Danvers, MA, USA), CREB (Cell Signaling Technology), phospho-ERK1/2 (Cell Signaling Technology), ERK1/2 (Cell Signaling Technology), phospho-Akt (Cell Signaling Technology), Akt (Cell Signaling Technology) and TrkB (BD Biosciences). Subsequently, the membrane was washed and incubated with secondary antibody. Bound antibody was detected by use of the enhanced chemiluminescence method (Amersham). Quantification was carried out by performing computerized densitometry with an image analyzer (ATTO Co., Tokyo, Japan). To minimize between blot variability, we applied an aliquot of pooled 'control\' homogenates, which was obtained from naïve control rats, to one lane of every gel and calculated the immunoblotting of samples relative to this standard.

Statistical analysis
--------------------

The results were expressed as the means±standard error of the mean (s.e.m.). Differences between two groups were evaluated statistically by the unpaired Student\'s *t*-test. Statistical comparison among multiple groups was evaluated by analysis of variance, followed by Scheffe\'s test as a *post hoc* test or repeated measures analysis of variance. *P*-values of less than 0.05 were considered significant.

Results
=======

Isolation of NPCs
-----------------

[Figure 1](#fig1){ref-type="fig"} shows that cells in the neurospheres expressed the neural progenitor markers nestin ([Figure 1b](#fig1){ref-type="fig"}) and musashi-1 ([Figure 1c](#fig1){ref-type="fig"}) on Day 6 when cultured *in vitro*. After triggering *in vitro* differentiation by withdrawal of the growth factors, we confirmed the tripotent nature of the NPCs by their ability to generate differentiated cells expressing neuronal (MAP2; [Figure 1e](#fig1){ref-type="fig"}), astrocytic (GFAP; [Figure 1f](#fig1){ref-type="fig"}) and oligodendrocytic (RIP; [Figure 1g](#fig1){ref-type="fig"}) markers.

Effect of injection of NPCs on body weight and neurological deficits
--------------------------------------------------------------------

The time courses of the change in body weight of the vehicle- and NPC-injected ischemic rats are shown in [Figure 2a](#fig2){ref-type="fig"}. The body weight of both groups of ischemic rats transiently decreased after the surgery, and there was no significant difference in body weight between the two groups (F(1, 32)=1.72, *P*=0.20).

The time courses of the change in neurological deficits of vehicle-treated and NPC-injected ischemic rats are shown in [Figure 2b](#fig2){ref-type="fig"}. The neurological deficits of ischemic rats gradually decreased after surgery for microsphere embolism. No significant improvement in the NPC-injected ischemic rats was seen when these rats were compared with the vehicle-treated ones (F(1, 32)=0.58, *P*=0.45) ([Figure 2b](#fig2){ref-type="fig"}).

Effect of injection of NPCs on mNSS
-----------------------------------

We next examined the time courses of the change in mNSS of the vehicle-treated and NPC-injected ischemic rats ([Figure 2c](#fig2){ref-type="fig"}). The score of the vehicle-injected ischemic rats was 13.1±0.2 points on Day 1, dropped to 9.5±0.2 points on Day 7 after microsphere embolism and remained at roughly that value up to Day 28. There were significant differences in the mNSS by group (F(1,32)=161.24, *P*\<0.0001) and by days (F(4,32)=913.29, *P*\<0.0001). The group-by-day interaction was significant. There was a significant improvement in the score of NPC-injected ischemic rats when these rats were compared with the vehicle-injected ones after microsphere embolism ([Figure 2c](#fig2){ref-type="fig"}). Sham-operated rats did not reveal any neurological deficits and had no mNSS throughout the examination (data not shown).

Effect of injection of NPCs on the SPT
--------------------------------------

The time courses of the change in sucrose preference of the vehicle- and NPC-injected ischemic rats are shown in [Figure 3a](#fig3){ref-type="fig"}. The percentage of the sucrose preference of vehicle-injected ischemic rats was 71.8±2.9% on Day 7 after the embolism. Then, this percentage remained at about the same value up to Day 28 after the embolism ([Figure 3a](#fig3){ref-type="fig"}). The percentage for the sucrose preference score of NPC-injected ischemic rats was 67.3±2.7% on Day 7 and then it gradually increased ([Figure 3a](#fig3){ref-type="fig"}). There was a significant difference in the percentage of the sucrose preference by group (F(1,32)=36.54, *P*\<0.0001) and by days (F(4,32)=67.04, *P*\<0.0001). There was a significant improvement in the percentage of sucrose preference of NPC-injected ischemic rats when these rats were compared with the vehicle-injected ones. The sham-operated rats did not reveal any reduction in the sucrose preference throughout the examination (data not shown). There was no significant difference in total consumption between vehicle- and NPC-injected ischemic rats throughout the experiment ([Figure 3b](#fig3){ref-type="fig"}).

Effect of injection of NPCs on the FST
--------------------------------------

To determine the effect of injection of NPCs on depression-like behavior, we next conducted the FST on Day 28 after microsphere embolism. The immobility time in the FST for the sham-operated rats and the vehicle- and NPC-injected ischemic rats is shown in [Figure 3c](#fig3){ref-type="fig"}. There was a significant difference in the mobility time among the three groups (F(2,39)=7.27, *P*\<0.01). The immobility time of vehicle-injected ischemic rats was significantly increased, and this increased time was attenuated by the NPC injection ([Figure 3c](#fig3){ref-type="fig"}).

Effect of injection of NPCs on the open-field test
--------------------------------------------------

We further examined the effect of NPCs on the locomotor activity of the sham-operated rats and the vehicle- and NPC-injected ischemic ones on Day 28 after the microsphere embolism or sham surgery. As shown in [Figure 3d](#fig3){ref-type="fig"}, there was no significant difference in the locomotor activity among these three groups.

Effect of injection of NPCs on the viable area and phenotype of injected NPCs
-----------------------------------------------------------------------------

We examined the effect of injection of NPCs on the viable area of the ipsilateral hemisphere of vehicle-treated ([Figures 4a and d](#fig4){ref-type="fig"}) and NPC-injected ([Figures 4b and e](#fig4){ref-type="fig"}) ischemic rats on Day 28 after the microsphere embolism. The marked degeneration seen in the vehicle-injected ischemic rats was not attenuated by the injected NPCs ([Figures 4c and f](#fig4){ref-type="fig"}). The NPCs, which were identified as GFP-positive cells, were found in the peri-infarct region at 21 days after the injection. Although the injected NPCs (GFP-positive cells) were not positive for RIP (data not shown) after *in vivo* cerebral ischemia, a few injected NPCs expressed NeuN ([Figure 4k](#fig4){ref-type="fig"}) and GFAP ([Figure 4l](#fig4){ref-type="fig"}) in the peri-infarct areas at 21 days after the injection of NPCs. Most injected NPCs were still positive for musashi-1 around the infarct areas ([Figure 4m](#fig4){ref-type="fig"}).

Effect of injection of NPCs on the levels of BDNF, phosphorylated CREB and TrkB
-------------------------------------------------------------------------------

We examined the effect of the NPC injection on the level of BDNF protein ([Figure 5a](#fig5){ref-type="fig"}) and phospho-CREB ([Figure 5b](#fig5){ref-type="fig"}) in the ipsilateral hemisphere of sham-operated rats and vehicle- or NPCs-injected ischemic rats on Day 28 after microsphere embolism. There were significant differences in the level of BDNF and phospho-CREB proteins among the three groups (BDNF: F(2,24)=37.71, *P*\<0.0001; phospho-CREB: F(2,24)=7.94, *P*\<0.01). The level of BDNF proteins was decreased after the embolism compared with that in the sham-operated rats ([Figure 5a](#fig5){ref-type="fig"}). The injection of NPCs significantly lessened this decrease in BDNF level in the ischemic rats ([Figure 5a](#fig5){ref-type="fig"}). Phosphorylation of CREB was also decreased on Day 28, and the NPC injection inhibited this decrease without causing any change in the level of CREB ([Figure 5b](#fig5){ref-type="fig"}). Furthermore, there was a significant difference in the level of the BDNF receptor TrkB protein among the three groups (F(2, 14)=26.99, *P*\<0.0001). The decreased level of TrkB protein in the ipsilateral hemisphere of the vehicle-injected ischemic rats was attenuated by the injection of the NPCs ([Figure 5c](#fig5){ref-type="fig"}).

Effect of NPC injection on the level of phosphorylated ERK and Akt
------------------------------------------------------------------

We next examined the effect of the NPC injection on the phosphorylation of ERK and Akt, which are located upstream of CREB. There were significant differences in the levels of phospho-ERK and phospho-Akt among the three groups (phospho-ERK: F(2,15)=14.74, *P*\<0.001; phospho-Akt: F(2,15)=7.32, *P*\<0.01). The microsphere embolism decreased the level of phospho-ERK on Day 28 ([Figure 5d](#fig5){ref-type="fig"}), and this decrease in the phosphorylation of ERK was attenuated by the injection of NPCs without changing the total level of ERK ([Figure 5d](#fig5){ref-type="fig"}). Although the level of phosphorylated Akt was significantly decreased after the embolism compared with that for the sham-operated rats, no statistical difference was detected in Akt phosphorylation between vehicle- and NPC-injected ischemic rats ([Figure 5e](#fig5){ref-type="fig"}).

Discussion
==========

In this study, NPCs proliferated and formed neurospheres that expressed NPC markers nestin and musashi-1. The cells in the neurospheres differentiated by withdrawal of the growth factors in the medium into neurons, astrocytes and oligodendrocytes *in vitro*. These results indicate the ability of NPCs isolated from fetal GFP transgenic rats to express the properties of self-renewal and multipotency.

As a transient inflammatory response occurs around the injured region during the acute stage, this time period is not likely to be suitable for therapeutic transplantation of cells.^[@bib36]^ We have previously confirmed that the level of an inflammatory cytokine IL-6 was comparable to that of sham-operated control rats and that the body weight of embolized rats was transiently decreased and then returned to baseline on Day 7 after surgery.^[@bib20],\ [@bib37]^ In addition, the infarction had almost completely developed in the ipsilateral hemisphere on Day 7 after surgery. Therefore, we injected NPCs on Day 7 after microsphere embolism in this study, to avoid inappropriate environments for therapeutic NPC injection after cerebral ischemia. We showed that there was no significant difference in the time course of the change in the neurological deficits, regardless of intravenous injection or not of NPCs. As described previously, the neurological deficits seen in microsphere embolism-induced cerebral ischemia in rats can only be useful as stroke-like symptoms to assess the severity of ischemic models during the acute period after surgery.^[@bib19]^ Thus, these results imply that the effect of the NPCs on mNSS, sucrose preference and the immobility time in the FST evaluated in this study was not due to alterations of neurological deficits during the acute period after surgery.

In this study, there was a significant group-by-day interaction in the mNSS. Therefore, it was suggested that the intravenous injection of NPCs on Day 7 after the induction of cerebral ischemia improved the results in a series of motor sensory, reflex and balance tests for the mNSS, compared with those for the vehicle-injected ischemic rats. This effect of NPCs is consistent with the finding that intravenous administration of bone marrow stromal cells after transient focal cerebral ischemia reduces functional deficits.^[@bib38],\ [@bib39]^ Accumulating evidence indicates that the recovery of neurological function after cerebral ischemia is mediated by the production of some trophic factors, vascular remodeling and axonal regeneration,^[@bib40],\ [@bib41]^ although it is still not clear why the intravenous injection of NPCs was effective in reducing the mNSS.

We performed the SPT and FST as measures of PSD-like behavior. In this study, the sucrose preference of the ischemic rats decreased at 7 days after surgery and this decrease was sustained at least until Day 28. This result is consistent with the decreased sucrose preference in middle cerebral artery occlusion models with chronic mild stress.^[@bib42]^ As a decrease in sucrose consumption indicates a state of anhedonia, a core symptom of depression, which can be evaluated effectively in rodents,^[@bib43]^ our results can be used to estimate a mood disturbance of rats after microsphere embolism. We furthermore showed that the immobility time in the FST was prolonged in the vehicle-treated ischemic rats. These results suggest that microsphere embolism-induced cerebral ischemia affected behaviors associated with depression. On the basis of these results, our present study is the first to provide evidence that the intravenous injection of NPCs can improve PSD-like behaviors.

Intravenously injected NPCs homed into the ischemic hemisphere, but not into the contralateral hemisphere, on Day 28 after the embolism. This result raises the possibility that the injected NPCs integrated into the damaged area and might provide growth factors because most of these cells did not undergo differentiation. It was earlier shown that systemically injected endothelial progenitor cells homed into the ischemic regions as early as 24 h after transient middle cerebral artery occlusion.^[@bib44]^ In this study, some GFP-positive NPCs became localized in the hippocampus and hypothalamus, which were consistent with lesion sites after the embolism. In addition, the administration of bone marrow stromal cells to rats with middle cerebral artery occlusion enhances axonal plasticity, which is highly and significantly correlated with progressive functional recovery enhanced by these bone marrow stromal cells, whereas no significant difference is found on the ischemic lesion between control and bone marrow stromal cell treatment group.^[@bib45]^ Interestingly, we demonstrated that the intravenous injection of NPCs on Day 7 after the embolism improved PSD-like behaviors without having any restorative effect on the damaged areas on Day 28 after the embolism. Although some injected GFP-positive NPCs expressed NeuN and GFAP, most of the injected NPCs did not undergo differentiation in this study. These results imply that injected NPCs may exert several types of cellular responses in the peri-infarct areas. Therefore, these injected NPCs were maintained in an undifferentiated condition morphologically and might not only have functioned as cells producing neurotrophic factors, but also have protected host viable cells and/or achieve an exact reconnection of neural networks. Although the primary mechanism was presently not fully elucidated, the altered expression of trophic factors as well as biochemical responses induced by NPCs may have contributed to the antidepression-like effects of these cells after the embolism.

Among neurotrophic factors, BDNF plays an important role in cellular proliferation and differentiation and contributes to the maintenance of neuronal function and structural integrity of neurons in the CNS. In addition, depressed suicide patients show a decreased level of BDNF in their brain tissue.^[@bib21]^ Therefore, we focused on a possible change in the level of BDNF as underlying the PSD-like behaviors. Our results suggest that a properly maintained level of BDNF achieved by the injection of the NPCs was involved in the improvement of PSD-like behaviors after cerebral ischemia. This effect might be associated with the actions of chemical antidepressants in the FST,^[@bib46]^ as well as in agreement with the effect of centrally administered BDNF, including infusion of it into the midbrain,^[@bib47]^ hippocampus^[@bib22]^ and lateral ventricles.^[@bib48]^ Furthermore, the anti-depressant-like effects of BDNF in the learned helplessness paradigms are blocked by co-administration of K252a, a broad-spectrum tyrosine kinase inhibitor.^[@bib22]^ The effects of antidepressants on the behavioral responses are inhibited in conditional BDNF knockout mice and in transgenic mice expressing a dominant-negative form of the BDNF receptor TrkB.^[@bib49],\ [@bib50]^ These findings raise the possibility of an important role of altered BDNF and/or BDNF receptor TrkB-mediated signaling pathway in PSD-like behaviors.

It was earlier shown that administration of BDNF increases the level of BDNF, and enhances the phosphorylation of ERK as well as that of CREB, which have been implicated in events downstream of BDNF-TrkB signaling.^[@bib51],\ [@bib52]^ BDNF-ERK-CREB signaling has been implicated in antidepressant effects on behavior.^[@bib51]^ In this regard, ERK is likely to be required for the effects of BDNF infusion on depression-like behaviors^[@bib22]^ or for the antidepressant action.^[@bib53]^ Furthermore, CREB expression and its phosphorylation are sufficient for an antidepressant-like effect on behavioral responses.^[@bib54]^ These results suggest that BDNF-TrkB-ERK-CREB signaling could be required for an antidepressant response.^[@bib49],\ [@bib50]^ Also, the activation of Akt via TrkB has been implicated in the BDNF-induced survival of neurons.^[@bib55]^ Interestingly, we demonstrated that injection of NPCs did not affect the decreased phosphorylation of Akt on Day 28 after the embolism. Although we cannot fully rule out the possibility that Akt phosphorylation might be increased at some different time point by NPC injection and related to antidepressant response, our results suggest that the effect of NPCs on PSD-like behavioral responses may be associated with improvement in the BDNF-ERK-CREB signaling pathway in the viable areas.

In conclusion, the intravenous injection of NPCs improved PSD-like behaviors without having any restorative effect on the degeneration of the brain tissue. We demonstrated that restoring the BDNF-ERK-CREB signaling pathway by NPCs was paralleled with improvement of PSD-like behaviors. Although future studies will be required to explore the mechanisms concerning the source of increased BDNF, this study provides evidence of the therapeutic potential of NPCs for improvement of PSD-like behaviors after cerebral ischemia.
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![Characterization of neural progenitor cells and experimental protocol of this study. Triple staining was carried outwith 4′,6-diamidino-2-phenylindole (DAPI), (**a**) and for nestin (**b**) and musashi-1 (**c**) was merged (**d**), and indicated that cells in neurospheres, which were prepared from gestational Day 14 fetal rats, expressed the neural progenitor cell markers nestin and musashi-1 on Day 6 when cultured *in vitro*. The cells in the neurospheres differentiated after the withdrawal of growth factors from the medium into MAP2- (**e**), glial fibrillary acidic protein (GFAP)- (**f**) and oligodendrocytes (clone RIP)-positive cells (**g**). Scale bars represent 50 μm (**a**--**d**) and 10 μm (**e**--**g**). Experimental protocol in this study was depicted (**h**). Abbreviations: mNSS, modified Neurological Severity Scores; SPT, sucrose preference test; FST, forced-swimming test; OFT, open-field test; WB: western immunoblotting; and IHC, immunohistochemistry.](tp201132f1){#fig1}

![Time courses of changes in body weight, neurological deficits and modified Neurological Severity Score (mNSS)- of vehicle- and neural progenitor cell (NPC)-injected ischemic rats. The arrow indicates the time point when NPCs or vehicle was injected. There was no significant difference in body weight between NPC- (open circles) and vehicle-treated (closed circles) groups (**a**). The score of each neurological deficit was rated from 3 to 0 (from very severe to little or none). There was no significant improvement in the NPC-injected ischemic (closed circles) rats compared with the vehicle-injected ischemic (open circles) ones (**b**). Determination of mNSS, which is based on a series of behavioral tests, including motor, sensory, reflex and balance tests, was made. There was a significant reduction in the score of NPC-injected ischemic rats (open circles) when these rats were compared with the vehicle-injected ones (closed circles) after the embolism (**c**). All results are presented as the mean±s.e.m. (*n*=17 rats per group). ^\#^Statistically significant difference from vehicle-injected ischemic rats (*P*\<0.05).](tp201132f2){#fig2}

![Effect of injection of neural progenitor cells (NPCs) on sucrose preference, immobility time in the forced-swimming test and locomotor activity. A battery of the sucrose preference test was conducted before microsphere embolism and on Days 7, 14, 21 and 28 after the embolism (**a** and **b**). Time courses of changes in sucrose preference of vehicle- (closed circles) and NPC-injected (open circles) ischemic rats are shown (**a**). The arrows indicate the time point when NPC or vehicle was injected. There was significant improvement in the percentage of the sucrose preference of the NPC-injected ischemic rats when these rats were compared with the vehicle-injected ischemic ones on Days 14, 21 and 28 after the embolism. There was no significant difference in total consumption between vehicle- and NPC-injected ischemic rats throughout the experiment (**b**). All results in the sucrose preference test are presented as the mean±s.e.m. (*n*=17 rats per group). The forced-swimming test was performed on Day 28 after the embolism (**c**). ^\#^Statistically significant difference from vehicle-injected ischemic rats (*P*\<0.05). There was a significant increase in the immobility of the vehicle-injected ischemic rats when these rats were compared with the sham-operated ones (**c**). The immobility time was not increased in NPC-injected ischemic rats (**c**). The open-field test was performed on Day 28 after the embolism (**d**). The total locomotor activity was not significantly different among sham-operated, vehicle-injected and NPC-injected ischemic rats (**d**). All results in the forced-swimming test and the open-field test are presented as the mean±s.e.m. (*n*=14 rats per group). ^\*^Statistically significant difference from sham-operated rats (*P*\<0.05). ^\#^Statistically significant difference from vehicle-injected ischemic rats (*P*\<0.05).](tp201132f3){#fig3}

![Histological analysis of the neural progenitor cell (NPC)-injected brain after the embolism. Effect of injection of NPCs on the viable areas after the embolism. On Day 28 after microsphere embolism-induced cerebral ischemia (ME), coronal sections were stained with hematoxylin and eosin. Photographs of hematoxylin- and eosin-stained sections are shown for vehicle-injected (**a** and **d**) and NPC-injected (**b** and **e**) ischemic rats. Viable areas were estimated by measuring hematoxylin- and eosin-stained sections (**c** and **f**) that corresponded to coronal coordinates of bregma from 0.48 to −0.30 mm (striatal region: **a**--**c**) and from −3.80 to −4.52 mm (hippocampal region: **d**--**f**). All results are presented as the mean percentage of the contralateral hemisphere±s.e.m. (*n*=8--9 rats per group). There was no significant attenuation of tissue degeneration in the NPC-injected ischemic rats compared with that in the vehicle-injected ischemic rats in both regions (**c** and **f**). Green-fluorescent protein (GFP)-positive NPCs were found in the peri-infarct areas (**h** and **j**) on Day 28 after the embolism (striatal region: **g** and **h**; hippocampal region: **i** and **j**). The images (white square) in '**g**\' and '**i**\' are enlarged in '**h**\' and '**j**\', respectively. To determine the effect of injection of NPCs on the phenotype of injected cells, double immunostaining in the peri-infarct areas was conducted on Day 28 after the embolism. Some GFP-positive injected NPCs expressed mature neuronal marker NeuN (**k**) and astrocyte marker GFAP (**l**). Most GFP-positive NPCs expressed NPC marker musashi-1 (**m**). Scale bars represent 1 mm (**g** and **i**), 50 μm (**h** and **j**) and 10 μm (**k**--**m**).](tp201132f4){#fig4}

![Effect of neural progenitor cell (NPC) injection on the levels of brain-derived neurotrophic factor (BDNF), phosphorylated CREB, TrkB, phosphorylated ERK and phosphorylated AKT on Day 28 after the embolism. Samples obtained from sham-operated (sham), vehicle-injected ischemic (vehicle) and NPC-injected (NPC) ischemic rats (ME) were solubilized and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Bands corresponding to BDNF (**a**), phospho-CREB (**b**), and TrkB (**c**), phosphorylated ERK (**d**) and phosphorylated Akt (**e**) were scanned, and scanned bands were normalized by actin (**a** and **c**), total CREB (**b**), total ERK (**d**) or total AKT (**e**) on the same blot. All results are presented as mean percentages of non-operated naïve rats±s.e.m. (BDNF and phospho-CREB: *n*=9 rats per group; TrkB: *n*=5--6 rats per group; and phospho-ERK and -AKT: *n*=6 rats per group). ^\*^Statistically significant difference from sham-operated rats (*P*\<0.05). ^\#^Statistically significant difference from vehicle-injected ischemic rats (*P*\<0.05).](tp201132f5){#fig5}
